All relevant data are within the paper.

Introduction {#sec005}
============

Laparoscopic splenectomy (LS) has gradually become the technique of choice for surgical removal of the spleen also in children \[[@pone.0202741.ref001]--[@pone.0202741.ref006]\]. Splenic size and its proportions compared to abdominal volume are key factors in determining the feasibility of the laparoscopic approach. Spleen dimensions vary widely according to age. Even though a pathological spleen only becomes palpable once it reaches at least two- three times its normal size \[[@pone.0202741.ref007]--[@pone.0202741.ref008]\], it may be normally palpable in healthy neonates and children \[[@pone.0202741.ref007]--[@pone.0202741.ref010]\]. Palpation and percussion are the standard bedside techniques to document spleen size, but are far from being accurate to detect small increases in size \[[@pone.0202741.ref011]\].

Ultrasonography (US) is an established safe, non-invasive, and reliable method to calculate splenic dimensions \[[@pone.0202741.ref012]--[@pone.0202741.ref015]\]. In adults, US indicators of moderate splenomegaly include an antero-posterior diameter greater than two thirds of the distance between the anterior and posterior abdominal wall, with a craniocaudal length exceeding the upper limit of 11--14 cm \[[@pone.0202741.ref016]\]. An interpolar diameter greater than 20 cm should be considered as massive splenomegaly \[[@pone.0202741.ref017]\].

Unfortunately, there is still no consensus on how to define splenomegaly in pediatric patients. Furthermore, the reference values for B-mode spleen ultrasound reported in the literature are controversial, with differences depending, at least in part, on the ethnic heterogeneity of studied pediatric populations that include subjects with different ethnic backgrounds, country of origin and residence. Racial differences and interfering genetic or infectious factors may influence spleen size \[[@pone.0202741.ref018]--[@pone.0202741.ref024]\]. Considering that the spleen volume could greatly influence the results of splenectomy, it is mandatory to have normal values for the pediatric population in the geographic area where the surgical approach is performed. An accurate spleen characterization would be useful for planning laparoscopic manoeuvres and determining the specification of dedicated instruments required to perform LS in children.

Aim of this study was to obtain normal percentile values in Caucasian children of both sexes, aged 0--18 years, and to evaluate the relationship between splenic measurements, chronological and auxological data, and body proportions.

Material and methods {#sec006}
====================

Subjects {#sec007}
--------

We prospectively examined 317 caucasian healthy children (167 boys, 150 girls) referred to our department between May 2013 and June 2014 for preoperative day surgery workup. A complete auxological evaluation was also obtained before entering the study. The age range was from full-term newborns to 18 years. According to growth spurts, the children were divided into three groups: group 1: 0--3 years (83 subjects, 53M/50F); group 2: 4--10 years (126 subjects, 69M/57F); group 3: 11--18 years (108 subjects, 45M/63F). Sex, weight, height/length, body mass index (BMI), waist circumference and xipho-pubic distance were obtained in each child.

Patients who did not have normal height and weight curves (who were not in the third to 97^th^ percentile according to Cacciari for age≥2 years or to Gairdner's and Pearson's for age \<2 years) or obese children (BMI\>97^th^ according to to Cacciari for age≥2 years) \[[@pone.0202741.ref025]--[@pone.0202741.ref026]\] were not included in the study. Exclusion criteria also included an history of oncologic and hematologic disorders or infectious causes of splenic enlargement or splenic trauma and accidental discovery of one or more accessory spleens.

Ethical considerations {#sec008}
----------------------

After having received information about the nature of the study, the patient's parents gave written consent for their child's participation. The study was performed according to the Declaration of Helsinki and with the approval of the Fondazione IRCCS Policlinico San Matteo Review Board.

Physical examination {#sec009}
--------------------

This included examination of the participants included evaluation of height, weight, body composition, waist circumference, body mass index (BMI) and xipho-pubic distance.

Below 2 years of age, length was measured by two examiners (one to position the child) with the child supine on a measuring board (infantometer) and weight with an electronic digital scale. In children older than two years, height was measured using a wall mounted Harpenden stadiometer and weight with a standard beam balance scale. Waist circumference was obtained at the midpoint between the lowest rib and the iliac crest. BMI was calculated as body weight (kilograms) divided by body height (meters) squared. Body surface area (BSA) was calculated according to the Mosteller formula: BSA (m^2^) = SQR RT (\[Height(cm) x Weight (kg)\]/ 3600) \[[@pone.0202741.ref027]\]. The abdominal volume was computed according to the standard formula: \[waist circumference/6.28\]^2^\* xipho-pubic distance\*3.14.

In children older than two years, height, weight, and BMI were classified using Cacciari's percentiles for the Italian population \[[@pone.0202741.ref025]\]. In infant, under 2 years of age, length and weight were classified using Gairdner's and Pearson's percentiles \[[@pone.0202741.ref026]\].

Sonographic evaluation {#sec010}
----------------------

US spleen evaluation was performed using an Esaote My Lab Twice ultrasound device for image acquisition, with a 3.5--5 MHz convex probe in children above 1 year of age and a up-to-10 MHz linear probe in younger children. All scans were obtained by a single expert sonographer.

All patients were asked to lie down in a supine position or a lateral position when optimal scans were not achievable in the supine position. A water-based medium was applied to both the probe and the body area being scanned to ensure good transmission of the ultrasound beam.

Optimal images for a complete spleen evaluation were obtained through sagittal, transverse, oblique and frontal scans and even though the intercostal space if necessary.

From the obtained images, we measured: longitudinal diameter: between the highest superior-medial and the lower inferior-lateral points of the spleen; antero-posterior diameter: between the anterior and posterior surfaces; transverse diameter: between the hilum and the superior-lateral edge of the spleen; transverse area: delimited by the splenic external margin in the longitudinal scan. Spleen volume was calculated using the prolated ellipsoid formula (L x W x H x 0.523) \[[@pone.0202741.ref028]\]. We also measured kidney longitudinal diameters with the same technique.

Spleen volume/abdominal volume, longitudinal spleen diameter/longitudinal left kidney diameter, antero-posterior spleen diameter/antero-posterior abdominal diameter and longitudinal spleen diameter/ xipho-pubic distance ratios were also calculated and included in the statistical analyses.

Statistical analysis {#sec011}
--------------------

All statistical analyses were performed using STATA 13.1 statistical software (Stata Corporation; College Station, TX, USA). The level of significance was set at the two-tailed P-value \<0.05. Data were described with counts, if categorical and with the mean, standard deviation, 25^th^, median, and 75^th^ percentiles if continuous. Both general (for comparison with adults) and pediatric non-parametric reference limits (2.5^th^---97.5^th^ and 3^rd^-- 97^th^ percentiles) for spleen measures are reported. Moreover, model-based age specific reference intervals were computed \[[@pone.0202741.ref029]\], with age modeled as fractional polynomials with the *xriml* user-written routine in Stata \[[@pone.0202741.ref030]\]. Log transformation of variables was applied before model fitting as needed. The model based 3rd, 10^th^, 50^th^, 90^th^ and 97^th^ percentiles of the (log-transformed) variable were then plotted against age. Spleen measures were compared between age groups with the Kruskall Wallis test. Correlation between spleen measures and clinical characteristics were assessed with the Spearman correlation coefficient (R) and its 95% confidence interval (CI). To assess intra-operator agreement, the Lin's concordance correlation coefficient (95%CI) \[[@pone.0202741.ref031]\] and the Bland & Altman Limits of agreement \[[@pone.0202741.ref032]\] were computed for each splenic diameter.

Results {#sec012}
=======

Clinical characteristics of the children enrolled in the study are reported in [Table 1](#pone.0202741.t001){ref-type="table"}; age groups were well balanced. Spleen dimensions, together with their non-parametric reference limits, are summarized in [Table 2](#pone.0202741.t002){ref-type="table"}, overall and by age group, while the (log transformed) reference limits in relation to age are shown as curves in [Fig 1](#pone.0202741.g001){ref-type="fig"}.

10.1371/journal.pone.0202741.t001

###### Clinical features of the pediatric subjects.

![](pone.0202741.t001){#pone.0202741.t001g}

  -----------------------------------------------------------------------------------
                              Group 1:\    Group 1:\     Group 3:\      Total
                              0--3 years   4--10 years   11--18 years   
  --------------------------- ------------ ------------- -------------- -------------
  Subjects (n)                83           126           108            317

  Gender (M/F)                53/30        69/57         45/63          167/150

  Age (years)                 1.3 (0.9)    6.6 (2.0)     12.6 (1.7)     7.3 (4.7)

  Weight (kg)                 9.7 (3.5)    25.0 (8.5)    48.0 (12.2)    28.9 (17.6)

  Height (m)                  0.8 (0.1)    1.2 (0.1)     1.5 (0.1)      1.2 (0.3)

  Body surface (m^2^)         0.4 (0.1)    0.9 (0.2)     1.4 (0.2)      1.0 (0.4)

  BMI (kg/m^2^)               16.1 (2.1)   16.5 (2.5)    19.9 (3.9)     17.6 (3.4)

  Waist circumference (cm)    44.5 (4.7)   57.5 (9.3)    71.3 (9.8)     58.6 (13.5)

  Xipho-pubic distance (cm)   16.7 (3.1)   24.1 (3.8)    28.7 (3.0)     23.7 (5.8)
  -----------------------------------------------------------------------------------

Results expressed as N or mean (SD) as appropriate

10.1371/journal.pone.0202741.t002

###### Spleen dimension according to age group.

Non parametric reference limits (2.5^th^-97.5^th^) are shown in the last 2 columns.

![](pone.0202741.t002){#pone.0202741.t002g}

  Variable                                                                           mean    SD      median   25th   75th    Kruskall Wallis p-value \[& post-hoc comparisons\]   2.5th   3rd    97th    97.5th
  ---------------------------------------------------------------------------------- ------- ------- -------- ------ ------- ---------------------------------------------------- ------- ------ ------- --------
  Volume (cm^3^)                                                                                                             \<0.001                                                                     
  0--18 years                                                                        81.0    51.4    70.8     41.2   105.8                                                        13.2    14.9   205.1   221.2
  0--3 years                                                                         33.1    15.48   31.9     23.5   37.9    0--3 vs 4--10: \<0.001                               9.3     9.6    67.4    68.3
  4--10 years                                                                        74.9    30.12   70.2     54.8   90.2    0--3 vs 11--18: \<0.001                              30.1    30.4   142.3   147.4
  11--18 years                                                                       125.5   52.14   111.2    90.5   153.0   4--10 vs 11--18: \<0.001                             42.0    42.6   248.9   264.6
  Transverse area (cm^2^)                                                                                                    \<0.001                                                                     
  0--18 years                                                                        23.9    11.1    22.7     15.7   30.3                                                         7.1     7.5    47.0    51.1
  0--3 years                                                                         13.1    4.5     12.8     9.9    15.5    0--3 vs 4--10: \<0.001                               6.2     6.4    23.8    24.0
  4--10 years                                                                        22.8    6.0     22.3     18.2   26.8    0--3 vs 11--18: \<0.001                              12.3    12.5   34.4    36.0
  11--18 years                                                                       33.6    11.0    32.4     27.8   38.8    4--10 vs 11--18: \<0.001                             15.1    16.1   55.0    58.5
  Longitudinal spleen diameter (cm)                                                                                          \<0.001                                                                     
  0--18 years                                                                        8.4     1.8     8.4      6.9    9.7                                                          4.6     4.7    11.4    11.7
  0--3 years                                                                         6.2     1.1     6.4      5.7    6.8     0--3 vs 4--10: \<0.001                               3.5     3.7    8.6     8.7
  4--10 years                                                                        8.4     1.0     8.3      7.7    9.1     0--3 vs 11--18: \<0.001                              6.4     6.4    10.6    10.6
  11--18 years                                                                       9.9     1.2     9.9      9.1    10.8    4--10 vs 11--18: \<0.001                             7.8     7.9    12.4    12.5
  Antero-posterior diameter (cm)                                                                                             \<0.001                                                                     
  0--18 years                                                                        3.2     0.8     3.2      2.6    3.7                                                          1.7     1.7    4.7     4.9
  0--3 years                                                                         2.4     0.5     2.3      2.1    2.7     0--3 vs 4--10: \<0.001                               1.4     1.5    3.4     3.4
  4--10 years                                                                        3.2     0.6     3.2      2.8    3.5     0--3 vs 11--18: \<0.001                              2.0     2.0    4.4     4.5
  11--18 years                                                                       3.8     0.7     3.8      3.4    4.2     4--10 vs 11--18: \<0.001                             2.6     2.7    5.7     6.0
  Ratio of spleen volume to abdominal volume (%)                                                                             0.17                                                                        
  0--18 years                                                                        1.2     0.5     1.1      0.9    1.4                                                          0.47    0.49   2.21    2.28
  0--3 years                                                                         1.2     0.5     1.2      0.9    1.4                                                          0.55    0.57   2.52    2.80
  4--10 years                                                                        1.2     0.5     1.1      0.9    1.5                                                          0.46    0.47   2.36    2.36
  11--18 years                                                                       1.1     0.4     1.0      0.8    1.4                                                          0.39    0.47   2.02    2.10
  Ratio of antero-posterior spleen diameter to antero-posterior abdominal diameter                                           0.09                                                                        
  0--18 years                                                                        0.17    0.03    0.17     0.15   0.19                                                         0.12    0.11   0.22    0.23
  0--3 years                                                                         0.17    0.03    0.16     0.15   0.18                                                         0.11    0.11   0.22    0.22
  4--10 years                                                                        0.18    0.03    0.17     0.15   0.19                                                         0.11    0.10   0.22    0.23
  11--18 years                                                                       0.17    0.03    0.18     0.15   0.19                                                         0.11    0.10   0.21    0.23
  Ratio of longitudinal spleen diameter to xipho-pubic distance (%)                                                          \<0.001                                                                     
  0--18 years                                                                        35.8    5.5     35.5     32.6   38.8                                                         25.7    25.8   46.0    47.4
  0--3 years                                                                         37.8    5.7     37.2     34.3   41.4    0--3 vs 4--10: \<0.001                               27.1    27.4   51.1    51.9
  4--10 years                                                                        35.2    5.9     35.2     31.8   37.7    0--3 vs 11--18: \<0.001                              25.5    25.6   48.9    52.1
  11--18 years                                                                       35      4.3     34.4     32.1   37.9    4--10 vs 11--18: 0.94                                26.2    27.3   45.0    45.2
  Ratio of longitudinal spleen diameter to longitudinal left kidney diameter (%)                                                                                                                         
  0--18 years                                                                        105.6   13.4    105.1    96.6   113.6   0.48                                                 83.0    83.6   135.6   136.3
  0--3 years                                                                         105.6   14.7    105.3    93.7   115.4                                                        77.3    79.5   140.4   145.1
  4--10 years                                                                        106.6   12.9    107.2    97.8   113.7                                                        85.1    85.8   137.2   139.0
  11--18 years                                                                       104.4   12.9    103.8    95.8   112.1                                                        82.2    83.2   133.0   134.5

![Curves of the model based reference limits (3^th^-97^th^) for the spleen dimensions.\
Spleen diameters are natural scale; all other measures are log-transformed for the purpose of this analysis.](pone.0202741.g001){#pone.0202741.g001}

The intra-operator agreement for splenic diameters was excellent for all 3 diameters: longitudinal diameter: rho c = 0.984; 95%CI 0.951--0.995, difference -0.012 (0.301), 95% limits of agreement -0.602--0.579; antero-posterior diameter: rho c = 0.923; 95%CI 0.769--0.975, difference -0.051 (0.295), 95% limits of agreement -0.629--0.528; transverse diameter: rho c = 0.958, 95%CI 0.894--0.984, difference -0.089 (0.332), 95% limits of agreement -0.740--0.562.

Considering that no significant differences in splenic measurements were noted between males and females, statistical analyses were performed by combining the data obtained by both sexes. For all measurements, a significant change according to age group was noted (p\<0.001), particularly between the 0--3 and 4--10 years groups. Spleen volume, transverse area and diameters increased and spleen/abdominal volume ratio decreased with age. A decrease in longitudinal spleen diameter/ xipho-pubic distance ratio was noted between the 0--3 years group and the 4--10 and 11--18 years groups. Longitudinal spleen diameter/longitudinal left kidney diameter was greater in the 4--10 years group compared to the 0--3 and 11--18 years group.

Correlations of the spleen dimensions with auxological data and body proportion are reported in [Table 3](#pone.0202741.t003){ref-type="table"}.

10.1371/journal.pone.0202741.t003

###### Correlation between spleen dimension and auxological data.

![](pone.0202741.t003){#pone.0202741.t003g}

                                                                                     Weight                Height    Age                   Waist circumference   Xipho-pubic distance   BMI       Body surface                                                                                                          
  ---------------------------------------------------------------------------------- --------------------- --------- --------------------- --------------------- ---------------------- --------- --------------------- --------- --------------------- --------- --------------------- --------- --------------------- ---------
  Volume (cm^3^)                                                                     0.86 (0.83--0.88)     \<0.001   0.84 (0.80--0.87)     \<0.001               0.82 (0.78--0.85)      \<0.001   0.80 (0.76--0.84)     \<0.001   0.80 (0.75--0.83)     \<0.001   0.53 (0.44--0.60)     \<0.001   0.86 (0.83--0.88)     \<0.001
  Transverse area (cm^2^)                                                            0.85 (0.81--0.87)     \<0.001   0.83 (0.80--0.86)     \<0.001               0.81 (0.77--0.84)      \<0.001   0.80 (0.74--0.83)     \<0.001   0.78 (0.74--0.82)     \<0.001   0.51 (0.43--0.60)     \<0.001   0.84 (0.81--0.87)     \<0.001
  Longitudinal diameter (cm)                                                         0.86 (0.82--0.88)     \<0.001   0.84 (0.80--0.87)     \<0.001               0.81 (0.78--0.85)      \<0.001   0.80 (0.76--0.84)     \<0.001   0.80 (0.76--0.84)     \<0.001   0.51 (0.42--0.60)     \<0.001   0.86 (0.83--0.88)     \<0.001
  Antero-posterior diameter (cm)                                                     0.80 (0.75--0.83)     \<0.001   0.78 (0.73--0.82)     \<0.001               0.77 (0.71--0.81)      \<0.001   0.75 (0.70--0.80)     \<0.001   0.73 (0.70--0.80)     \<0.001   0.47 (0.38--0.55)     \<0.001   0.80 (0.75--0.83)     \<0.001
  Ratio spleen volume/abdominal volume                                               -0.15 (-0.25--0.33)   \<0.001   -0.10 (-0.21--0.00)   \<0.001               -0.09 (-0.2--0.01)     0.08      -0.30 (-0.40--0.20)   \<0.001   -0.24 (-0.34--0.13)   \<0.001   -0.17 (-0.28--0.06)   0.002     -0.14 (-0.02--0.03)   0.01
  Ratio of antero-posterior spleen diameter to antero-posterior abdominal diameter   0.05 (-0.06--0.16)    0.37      0.10 (-0.01--0.21)    0.08                  0.10 (-0.00--0.21)     0.06      -0.09 (-0.21--0.01)   0.08      0.04 (-0.07--0.15)    0.46      -0.14 (-0.24--0.02)   0.01      0.06 (-0.05--0.17)    0.30
  Ratio of longitudinal spleen diameter to xipho-pubic distance                      -0.24 (-0.34--0.13)   \<0.001   -0.22 (-0.32--0.11)   \<0.001               -0.22 (-0.32--0.11)    0.02      -0.28 (-0.38--0.17)   \<0.01    -0.46 (-0.54--0.37)   \<0.001   -0.08 (-0.20--0.02)   \<0.001   -0.24 (-0.34--0.13)   \<0.001
  Ratio of longitudinal spleen diameter to longitudinal left kidney diameter         0.02 (-0.08--0.13)    0.70      -0.02 (-0.13--0.09)   0.74                  -0.03 (-0.14--0.07)    0.5       0.04 (-0.07--0.15)    0.45      0.07 (-0.04--0.18)    0.07      0.11 (0.0--0.2)       0.03      0.101 (-0.09--0.12)   0.01

R: Spearman Correlation Coefficient; CI: confidence limits

Weight, height, body surface, age, waist circumference and xipho-pubic distance were highly correlated with spleen volume, transverse area, longitudinal and antero-posterior diameters. BMI showed the weakest correlation with all organ dimensions measured. No relevant correlation between clinical parameters and spleen volume/abdominal volume, antero-posterior spleen diameter/antero-posterior abdominal diameter, longitudinal spleen diameter/longitudinal left kidney diameter ratios was noted.

Specific reference limits for each age from 0 to 18 years are shown as graphical outputs in [Fig 2](#pone.0202741.g002){ref-type="fig"}.

![Spleen size in adults \[[@pone.0202741.ref016], [@pone.0202741.ref017]\] and children.\
Reference limits according to age and our results, are reported as normal values in children.](pone.0202741.g002){#pone.0202741.g002}

Discussion {#sec013}
==========

We obtained a standard set of normal range splenic dimensions in caucasian children according to three age groups (0--3 years; 4--10 years; 11--18 years). A significant difference between the three age groups was found, particularly between the 0--3 and 4--10 year groups. While all measured spleen dimensions increased with age, though not linearly, their ratios to abdominal volume or kidney diameter appeared constant for the different ages. In addition to spleen length at the hilum, other dimensions were also considered for a more precise spleen size definition. No significant differences in splenic measurements between sexes was noted.

The spleen is easily modified during lifespan due to several physiological and pathological conditions such as growth, infections, hematopoietic disorders, storage diseases, inflammatory conditions as well as splenic trauma. The assessment of organ size is an integral part of the evaluation and treatment of disease, particularly before splenectomy.

Clinical examination is often inaccurate, especially in detecting small increases in size and several studies have documented that palpable cases do not necessarily indicate splenic enlargement \[[@pone.0202741.ref007]--[@pone.0202741.ref009]\]. Moreover, in some clinical genetic conditions often characterized by the presence of a very large spleen, such as sickle cell disease, Gaucher disease or other storage disorders, the accurate assessment of spleen volume and monitoring of spleen size changes is difficult by spleen palpation. In most individuals, the spleen must be two-three times its normal size before it becomes palpable due to its lateral position and because it is bordered by the ribs, thus making both palpation and percussion difficult \[[@pone.0202741.ref007]--[@pone.0202741.ref008]\]. Thus, the spleen is usually significantly enlarged before it can be clinically assessed under the costal margin. Moreover, in 15--17% of healthy neonates and in up to 10% of healthy children the spleen can be clinically palpable \[[@pone.0202741.ref007],[@pone.0202741.ref009],[@pone.0202741.ref010]\].

In adults, splenomegaly is defined as a long axis exceeding 15 cm and massive splenomegaly as a long axis exceeding 20 cm \[[@pone.0202741.ref033],[@pone.0202741.ref034]\]. Others use spleen weight as an indicative factor \[[@pone.0202741.ref035]\]. In the SAGES Manual of Strategic Decision Making, simple splenomegaly is defined as a spleen enlarged to more than 50% the average adult organ, and massive splenomegaly as an adult spleen more than 25 cm in length or 900 g in weight \[[@pone.0202741.ref036]\].

In children, US is routinely used to evaluate the "true" size of abdominal organs because it offers numerous advantages: no radiation exposure, non-invasive technique, examination in real time, three-dimensional and independent of organ function \[[@pone.0202741.ref012]--[@pone.0202741.ref015]\]. The definition and grading of splenomegaly in children is not standardized. Some authors use the adult criteria, whereas others consider these measurements irrelevant because spleen size is relative to body size \[[@pone.0202741.ref034],[@pone.0202741.ref037]\]. The body growth is a differential process, where organs and body segments each enlarge at a specific speed \[[@pone.0202741.ref038],[@pone.0202741.ref039]\]. For instance, a child head is relatively larger and heavier than that of an adult; the head and the trunk are relatively large at birth, with progressive lengthening of the limbs throughout development, particularly during puberty. The ratio between the upper and lower body segments decreases with age and is approximately 1.7 at birth, 1.3 at 3 years and 1 after age 7 \[[@pone.0202741.ref040]--[@pone.0202741.ref042]\]. These particular growth patterns, applied to internal organs, imply that there is a dynamic evolution between each other, and this anthropometric evolution could influence the organ position in the abdominal cavity.

Our data confirm that an increase in organ size is related to growth. Literature data on normal values of pediatric splenic dimensions are not univocal. The dishomogeneous ethnic distribution (and probably related health history) of studied pediatric population, consisting prevalently of Nigerian, Indian, and USA children, may influence the variability of the estimation (also due to "normal" exposure to different pathogens) and may limit the generalizability of the data \[[@pone.0202741.ref018]--[@pone.0202741.ref024]\].

In addition to literature data \[[@pone.0202741.ref008],[@pone.0202741.ref010],[@pone.0202741.ref012]--[@pone.0202741.ref014],[@pone.0202741.ref043]\] in this study we provided an unique complete description of splenic measurements including the percentiles in a consistent group of Caucasian children from the same geographic area, from full-term newborns to 18 years, their correlations with auxological data and body proportion and their ratio with abdominal organs.

Contradictory findings on spleen measures and gender association have been previously reported. Some studies indicate a significant difference between males and female in spleen size \[[@pone.0202741.ref019]--[@pone.0202741.ref021]\]. However, as reported by other authors \[[@pone.0202741.ref008],[@pone.0202741.ref012],[@pone.0202741.ref044]\] in our population no significant differences in splenic dimensions with respect to sex was noted. According to Safak \[[@pone.0202741.ref012]\], body weight shows the best correlation with spleen dimension; on the contrary, body mass index shows the weakest correlation with all organ measurements \[[@pone.0202741.ref039]\]. A high correlation between splenic parameters and age, height \[[@pone.0202741.ref018]\], waist circumference and xipho-pubic distance have also been noted by other authors.

A correlation between organ and abdomen dimensions (volume, transverse area, diameters and ratios between spleen and abdominal dimension) in relation to somatometric parameters would be helpful in defining a "normal "spleen" during growth and could be of paramount importance to define splenomegaly in children \[[@pone.0202741.ref018]\].

A preoperative spleen size evaluation is crucial for surgeons when planning the feasibility of a LS approach in children, particularly when spleens are greater than 20 cm; these are considered to be "giant" sized spleens, and are difficult to remove laparoscopically in children, due to technical limitations.

Our study showed that the spleen/abdominal volume ratio decreases with age. The spleen volume is relatively larger in infants and toddlers compared to older children. These data confirm the influence of anatomical factors and support the body proportion importance on technical limits during LS in the pediatric age, particularly in young children \[[@pone.0202741.ref045]\].

LS is a well accepted approach for the treatment of multiple hematologic diseases. Standard surgical steps consist of trocar positioning, initial ligation of the splenic artery to reduce the spleen volume and avoid or reduce any possible bleeding upon spleen extraction. Several different less invasive techniques are available including the single port access splenectomy (SPAS) which reduces the surgery to one small incision; the reduced port access splenectomy (RPAS) which entails the use of fewer and smaller trocars, and the hand-assisted procedure \[[@pone.0202741.ref046],[@pone.0202741.ref047]\]. The common retrieval bags in use for tissue morcellation and transumbilical spleen removal measure 12 and 15 cm. In small children, the adaptation of these endo-bags to the small abdominal cavity could represent a real technical challenge. LS for massive splenomegaly in children has generally been found to be associated with a high conversion rate, also including a supplementary suprapubic access to retrieve the spleen and to avoid rupture. Perioperative spleen embolization performed in the operating room prior to laparoscopic splenectomy has been proposed as a safe procedure that can reduce the spleen size and major perioperative complications in children \[[@pone.0202741.ref048]\]. We feel that, according to our data, when the long axis is less than 12 cm, LS is feasible in all children and adolescents; when the long axis is between 12--15 cm in small infants and children, LS is not safe without suprapubic surgical open access. While in adolescents LS is a safe technique, also without perioperative spleen embolization. When the long axis exceeds 15 cm in small infants and children, LS is not safe; while in adolescents, LS represents a safe approach when perioperative spleen embolization is performed.

Laparoscopic techniques have been shown to offer several advantages over the traditional open technique, in particular: reduced hospital stay, faster return to unrestricted activities, and improved cosmetic results \[[@pone.0202741.ref049]\]. However, the lack of small instruments and the dedicated technology for the narrow working space in pediatric cases may significantly influence the outcome of LS in children. Adequate pre-operative knowledge of the spleen dimensions and its correlation with auxological parameters would be helpful in defining the most appropriate surgical approach and the choice of dedicated instruments to use. Therefore, it remains to be defined whether the cut-off of 20 cm, the "massive spleen" in adults, is also applicable in children. The European Association for Endoscopic Surgery defines massive splenomegaly in children as a spleen larger than four times normal for age \[[@pone.0202741.ref034]\]; however, besides normal range, standard deviations must be identified in order to classify the degree of the splenomegaly in pediatrics. Our clinical data indicate that the concept of splenomegaly in adult is not applicable in pediatric cases ([Fig 1](#pone.0202741.g001){ref-type="fig"}), and that special consideration should be given to spleen pediatric size in mini invasive surgical treatment of splenomegaly.

Conclusions {#sec014}
===========

Knowledge of spleen dimensions in relation to clinical data is mandatory to define splenomegaly in children. A dedicated pediatric splenomegaly classification would support the safety and feasibility of mini invasive approaches.
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